Four kinds of composite membranes were prepared by the solution-cast method with Nafion resin, poly͑tetrafluoroethylene͒, and different types of SiO 2 . They are SiO 2 sulfonated by 1,3-propane sultone ͑denoted as SiO 2 -1,3PS͒, SiO 2 sulfonated by H 2 SO 4 ͑denoted as SiO 2 -SO 3 H͒, and pure SiO 2 . The SiO 2 content was controlled at 5% in the composite membranes. Combined with the results of the electrochemical impedance spectroscopy, water uptake, and fuel cell performance of different membranes, it suggested the organically modified SiO 2 has a weak water uptake ability due to the organic molecule chain. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2976793͔ All rights reserved. Proton exchange membrane fuel cells ͑PEMFCs͒ have been considered as a suitable alternative to internal combustion and diesel engines because of their high power density, high energy conversion efficiency, and low emission level.
Proton exchange membrane fuel cells ͑PEMFCs͒ have been considered as a suitable alternative to internal combustion and diesel engines because of their high power density, high energy conversion efficiency, and low emission level. 1 The proton exchange membranes ͑PEMs͒ currently preferred are used in fuel cells such as Nafion membranes that require water to humidify the fuel and oxygen to maintain proton conductivity. The humidify system of the reactant gases is a burden for the PEMFC.
Attempting to overcome these problems, one of the methods is to develop water-retention PEMs. In previous work, many kinds of composite membranes have been developed to modify Nafion to achieve suitable operation at elevated temperatures. One of the approaches is to add hydrophilic materials into the membranes. Such hydrophilic materials are the heteropolyacides like ZrP, ZrSPP, etc., and the oxides like zirconium dioxide, titanium dioxide, and silicon dioxide. [2] [3] [4] [5] [6] Recently, we prepared a kind of self-humidified membrane by dispersing Pt/SiO 2 catalyst particles uniformly into the Nafion resin, and then prepared Pt-SiO 2 /Nafion/ poly͑tetrafluoroethylene͒ ͑PTFE͒ reinforced composite membrane by the solution-cast method. 7 These compounds display a high water retention ability that is crucial for the proton conductivity of membranes at elevated temperature. The experimental data showed that the addition of inorganic hydrophilic materials substantially extended the working temperature range.
Incorporation of nanosized inorganic particles to PEMs, although bringing about a good humidifying effect, would certainly lower their ion exchange capacity. To overcome this problem, Rhee et al. 8 modified Nafion with sulfonated montmorillonite. The prepared composite membranes showed dramatic decreases in methanol permeability and a high proton conductivity compared to pristine Nafion membranes. Bebin et al. 9 also used sulfonated Laponite particles to prepare Nafion/clay-SO 3 H composite membranes. The membrane electrolyte assembly ͑MEA͒ based on the aforementioned membranes exhibited improved performances over Nafion membrane-based MEAs. These papers demonstrated that the use of sulfonated inorganic fillers in polyelectrolyte nanocomposite membranes is an effective approach to improve the PEM performances.
In this study, four kinds of composite membranes were prepared by the solution-cast method with Nafion resin, PTFE, and different types of SiO 2 . The SiO 2 content was controlled at 5% in the composite membranes. The humidifying effect was compared by the fuel cell performance under humidified and unhumidified conditions. The results showed that the pure SiO 2 and inorganically modified SiO 2 were more proper than the SiO 2 ,3PS as self-humidified membranes for PEMFC.
Experimental
Silica nanoparticles with a size of 20 Ϯ 5 nm were purchased from Zhejiang, China. The sulfonated SiO 2 was prepared with 1,3 propane sultone ͑1,3-PS͒ according to the method reported by Rhee et al. 10, 11 The reactions were carried out at the refluxing temperature of toluene ͑383 K͒ for 24 h with the molar ratio of silica, sulfonic acid precursor, and toluene of 1:0.5:15. The prepared samples were separated by filtration, washed with toluene, and dried at 383 K in a vacuum oven. The SiO 2 -SO 3 H was also prepared according to the method reported. 12, 13 One gram of SiO 2 nanoparticles was added to 0.5 M H 2 SO 4 aqueous solution; then, the mixture was dispersed ultrasonically for 30 min. The final SiO 2 -SO 3 H white powder was obtained by drying the solution at 100°C for 24 h.
Composite membranes were prepared by the following procedure: the Nafion resin was obtained from Nafion dispersion ͑Nafion R-1100 resin, DuPont Fluoroproducts, USA͒. The Nafion/ dimethylacetamide ͑DMAC͒ solution and different types of SiO 2 made above were mixed ultrasonically to form ink. The microporous PTFE films ͑manufactured in Shanghai, China͒ with a pore diameter of 0.3-0.5 m and a thickness of 15 m was used as a support to make composite membranes. The amount of different types of SiO 2 in the composite membranes was controlled at 5 wt %. The thickness of the composite membranes was about 25 m. For simplification, these composite membranes were denoted as SiO 2 /Nafion/PTFE, SiO 2 -SO 3 H/Nafion/PTFE, and SiO 2 -1,3PS/ Nafion/PTFE.
To gather information on the different types of SiO 2 particles in the composite membranes, X-ray powder diffraction ͑XRD͒ analysis was performed using a Panalytical X'pert PRO diffractometer ͑Philps X'pert PRO͒ with a Cu K␣ radiation source. The X-ray diffractogram was obtained for 2 varying between 20 and 90°.
The IR spectra of the membranes were recorded at a resolution of 2 cm −1 with a Fourier transform IR ͑FTIR͒ spectrometer ͑JASCO FT/IR-4100͒.
Samples of the membranes were weighed ͑W 1 ͒ after immersion in deionized water for 8 h at controlled temperature. Then, samples were weighed ͑W 2 ͒ after drying in a vacuum oven at 80°C for 12 h. Water content ͑⌬W͒ was calculated from Eq. 1 USA͒ electrochemical system. A signal amplitude of 20 mV in the frequency range of 1 MHz to 100 Hz was applied. The sample was soaked in water at ambient temperature ͑18°C͒ for 12 h and then sealed between two electrodes with an area of 0.332 cm 2 . The impedance measurement was then carried out. The conductivity values were calculated using Eq. 2
where is the proton conductivity of the membrane, L is the membrane thickness, R is the membrane resistance, and A is the area of the electrode. The Nyquist plots for NRE-212 and composite membranes at 18°C are shown. The MEA was prepared by a hot-pressing process. The 20 wt % Pt/Vulcan XC-72 ͑Pt/C͒ catalyst from E-TEK, carbon paper from Torry, PTFE suspension, and Nafion solution ͑DuPont͒ were used for electrode preparation. Both the loading of Pt/C catalyst on the anode and cathode was 0.5 mg Pt cm −2 . Two electrodes with an effective area of 5 cm 2 were hot-pressed to one piece of membrane to form an MEA. The MEA was mounted in a single cell with stainless steel end plates and stainless steel mesh flow field as current collectors.
The performance of the fuel cell was evaluated by obtaining polarization curves at the temperature of 60 and 80°C. The fuel and oxidant were fed in coflow orientation into the fuel cell. When the cell was operated with fully humidified H 2 /O 2 gases, the flow rates of inlet gases were controlled to keep constant the utilization of H 2 at 70% and O 2 at 40% for various current densities. When the cell was operated with dry H 2 /O 2 gases, the flow rates of inlet gases were controlled at a fixed rate ͑H 2 20 mL min −1 , O 2 50 mL min −1 ͒. The cell was started by increasing the cell temperature set point to 80°C and raising the saturator temperatures to their respective values. Similarly, the H 2 and O 2 line temperatures were also maintained 5°C higher than the saturators to prevent water condensation in the lines. All data were obtained at an absolute pressure of 0.3 MPa. Figure 1 shows the XRD patterns of the membranes with different types of SiO 2 made by ourselves. The XRD spectra of the SiO 2 /Nafion/PTFE and SiO 2 -1,3PS/Nafion/PTFE membranes suggest that the sizes of the initial SiO 2 and SiO 2 -1,3PS particles are almost the same. The modification by 1,3PS to the SiO 2 does not change the size of the SiO 2 obviously. Figure 2 is the FTIR spectra of the composite membranes with 5% SiO 2 , SiO 2 -SO 3 H, and SiO 2 -1,3PS. No new peaks appeared because no new chemical bonds were introduced into the membranes. The only change was the ratio between the peak at 969 and 982 cm −1 due to the addition of the SiO 2 . The peak at 969 and 982 cm −1 should be the peak of the ether band of the Nafion. The addition of sulfonated SiO 2 caused the change of the ratio of the two peaks. This should be due to the interaction between the -SO 3 H at the surface of the SiO 2 and the -SO 3 H of Nafion. The sulfone groups of the composite membranes give characteristic peaks at 1152 cm −1 . Figure 3 shows the EIS of the four kinds of membranes. The results show that the proton conductivity of the SiO 2 /Nafion/PTFE is less than the Nafion/PTFE membrane. However, the proton conductivity of the SiO 2 -1,3PS/Nafion/PTFE and SiO 2 -SO 3 H/Nafion/ PTFE membranes is higher than the Nafion/PTFE membrane. This is because the addition of the sulfonated SiO 2 improved the proton exchange ability of the whole membrane. The SiO2-1,3PS /Nafion/PTFE and SiO 2 -SO 3 H/Nafion/PTFE membranes had a similar proton conductivity. Figure 4 shows the comparison of the water uptake of the four kinds of composite membranes. The SiO 2 /Nafion/PTFE membrane had the highest water uptake among the membranes. This is due to the water absorbency of SiO 2 in the composite membranes. The water uptake of the SiO 2 -SO 3 H/Nafion/PTFE membrane was a little less than the SiO 2 /Nafion/PTFE membrane due to the sulfonation affection introduced by sulfuric acid. However, the SiO 2 -1,3PS/Nafion/PTFE membrane had the lowest water uptake among the four kinds of composite membranes. The proton conductivity of the SiO 2 -SO 3 H/Nafion/PTFE and SiO 2 -1,3PS/Nafion/ PTFE membranes was close. It suggested that the SiO 2 -1,3PS particles had bad water absorption ability due to the sulfonation of the 1,3PS. It should be attributed to the 1,3PS which affect the surface and the holes' structure of the SiO 2 and the decrease of the content of the -OH due to the treatment. Moreover, the hydrophobic chain molecule decreased the water absorption ability. Figure 5 shows the polarization curves of cells with ͑a͒ Nafion/ PTFE, ͑b͒ SiO 2 /Nafion/PTFE, ͑c͒ SiO 2 -1,3PS/Nafion/PTFE, and ͑d͒ SiO 2 -SO 3 H/Nafion/PTFE membranes at 80°C under dry and fully humidifying conditions. The SiO 2 -1,3PS/Nafion/PTFE and SiO 2 -SO 3 H/Nafion/PTFE membranes had a little better fuel cell performance than the Nafion/PTFE membrane at fully humidifying conditions. The results showed that the SiO 2 /Nafion/PTFE and the SiO 2 -SO 3 H/Nafion/PTFE membranes had better water-retention ability among the four kinds of membranes. This is because the SiO 2 /Nafion/PTFE membrane has the best water uptake and the SiO 2 -SO 3 H/Nafion/PTFE membrane has the best proton conductivity. The fuel cell performance of the SiO 2 -SO 3 H/Nafion/PTFE membrane at 80°C was higher than that at 60°C due to its good water uptake and proton conductivity. The SiO 2 -1,3PS/Nafion/ PTFE membrane had the worst performance under dry conditions. The bad water absorption ability made it improper to be used for water-retention membrane in PEMFCs. The results showed that the water uptake is the key when the membrane is operated under dry conditions. The good proton conductivity contributes to the fuel cell performance under fully humidifying conditions. If the relative humidification increased, the SiO 2 -SO 3 H/Nafion/PTFE membrane could perform better. The SiO 2 /Nafion/PTFE membrane had the best water-retention performance under existing operating conditions.
Results and Discussion

Conclusions
Four kinds of composite membranes were made via the solution casting method with different types of SiO 2 . The results of XRD studies proved that the SiO 2 particles were dispersed in the membrane and the particle size did not change obviously after being sulfonated. The EIS results show that the sulfonated SiO 2 has a higher conductivity than the unsulfonated SiO 2 . The water uptake of the composite membrane shows the membrane with SiO 2 -1,3PS has the lowest value. The results show that the fuel cell performance of the composite membranes under humidifying conditions was similar. However, the composite membranes with unsulfonated SiO 2 and SiO 2 -SO 3 H have a better cell performance than the composite membrane with SiO 2 -1,3PS under unhumidifying conditions. Combining with the results of the water uptake of different membranes, it suggested the organically modified SiO 2 has a weak water uptake ability due to the organic molecule chain. The SiO 2 -SO 3 H could not be an ideal additive for the water-retention composite membranes. The SiO 2 /Nafion/PTFE membrane had the best fuel cell performance under existing operating conditions. . ͑Color online͒ Water uptake of the ͑a͒ Nafion/PTFE, ͑b͒ SiO 2 /Nafion/PTFE, ͑c͒ SiO 2 -1,3PS/Nafion/PTFE, and ͑d͒ SiO 2 -SO 3 H Nafion/PTFE membranes at 80°C. 
